Of all the water-ice (H 2 O-ice) bands the librational band, occurring at a wavelength of about 12 µm, has proved to be the most difficult to detect observationally and also to reproduce in radiative transfer models. In fact, the case for the positive identification of the feature is strong in only a few astronomical objects. A previously suggested explanation for this is that socalled radiative transfer effects may mask the feature. In this paper, radiative transfer models are produced which unambiguously reveal the presence of the librational band as a separate resolved feature provided that there is no dust present which radiates significantly in the 10-µm region, specifically silicate-type dust. This means that the maximum dust temperature must be 50 K. In this case, the models indicate that the librational band may clearly be observed as an absorption feature against the stellar continuum. This suggests that the feature may be best observed by obtaining the 10-µm spectrum of stars either with very cool circumstellar dust shells, with T max 50 K, or those without circumstellar dust shells at all but with interstellar extinction. The first option might, however, require unrealistically large amounts of dust in the circumstellar shell in order to produce measurable absorption. Thus, the best place to look for the water-ice librational band may not be protostars with the remnants of their dust cloud still present, or evolved objects with ejected dust shells, as one might first think, because of the warm dust (T max 50 K) usually present in the shells of these objects. If objects associated with very cool dust exclusively do show the 3.1-µm water-ice band in deep absorption, but the librational band still does not appear, this may imply that it is not radiative transfer effects which suppress the librational band, and that some other mechanism for its suppression is in play. One possibility is that a low water-ice to silicate abundance may mask the librational band, even if the total amount of water-ice present is large enough to produce a deep 3.1-µm feature. Boogert et al. have recently presented the spectra of many heavily obscured stars behind isolated dense cores. Model results presented here indicate that one of these objects does show evidence for the presence of the librational band, seen as an absorption feature against the stellar continuum.
although the exact wavelengths and shapes of these bands may vary from silicate to silicate. Laboratory measurements reveal that the most important of the water-ice bands are the O-H stretching mode at 3.1 µm, the combination mode at 4.5 µm, the O-H bending mode at 6.0 µm, the librational (or hindered rotation) mode in the vicinity of 12 µm and lattice vibrational modes at 44 and 62 µm (Hagen, Tielens & Greenberg 1981 Hudgins et al. 1993 ). The exact shape and position of these bands vary depending on whether the ice is in crystalline or amorphous form and whether or not impurities are present. In particular the librational band, the subject of this paper, occurs at longer wavelengths and is broader for amorphous ice than for crystalline ice, and the presence of impurities also shifts the band to longer wavelengths.
Of all the water-ice features the librational band has in fact proven to be the most difficult to positively identify in astronomical objects. The early work of Willner et al. (1982) , who observed 19 protostars and found no obvious change in the shape of the 10-µm silicate band with increasing optical depth of the 3.1-µm water-ice feature, heralded the difficulty in unambiguously identifying the librational band. Robinson, Smith & Maldoni (2012) summarized subsequent observational work and possible identifications of the librational band, which are in fact relatively few in number. In most cases, evidence for the band is provided by an extension and broadening of the red wing of the 10-µm silicate feature rather than the appearance of a separate resolved feature. Although difficult to justify on the basis of radiative transfer theory, the well-tested and accepted method for revealing such features quantitatively is to establish a continuum baseline and to subtract off an assumed silicate spectrum which, in the case of candidate librational band sources, may reveal an excess of absorption at ∼13 µm. Examples of such objects include the massive protostar RAFGL 7009S (d 'Hendecourt et al. 1996) , the low-mass protostar Elias 29 (Boogert et al. 2000) and a number of low-mass young stellar objects (YSOs), HH 46 IRS, CrA IRS 7B and B1-b (see figs 4 and 5 of Boogert et al. 2008) .
The source B1-b is in fact an exception in that it does show a distinct ∼13 µm absorption feature in its spectrum, even before silicate band subtraction (see fig. 5 of Boogert et al. 2008) . The case for the 13-µm feature in B1-b being due to the librational band of water-ice is very strong indeed. Also, it is of significance that Boogert et al. (2008) noted that there is a 'peculiar absence of silicates toward B1-b'. In this context, the later radiative transfer modelling of Robinson & Maldoni (2010) showed that the presence of any silicate component at all, whether as bare or mantled grains, makes the librational band more difficult to detect. Indeed if the water-ice mantles were surrounding a grain core with no spectral features in the 10-µm region, the librational band should easily be observable as a separate feature.
A second example, where the librational band appears to stand out as a separate feature, is the massive protostar AFGL 961 (IRAS 06319+0415). The original spectrum of Willner et al. (1982) and the composite spectrum presented by Cox (1989) revealed a strong 3.1-µm water-ice feature, a 9.8-µm silicate feature in selfabsorption and an additional strong separate absorption feature centred at about 13.6 µm. This latter feature was attributed by Cox to the librational band of amorphous water-ice, the water-ice being located somewhere in the line of sight to AFGL 961, and not necessarily associated with the object itself. AFGL 961 is in fact a double source, with the eastern and western components being denoted by AFGL 961E and AFGL 961W, respectively (Aspin 1998; Alvarez et al. 2004 ). Smith & Wright (2011) obtained Spitzer spectra of both objects and confirmed the existence of the 13.6-µm feature and found that it occurs in both the eastern and western sources. The case for this feature being due to the librational band of water-ice appears to be strong. However, Robinson et al. (2012) attempted to fit the spectrum of AFGL 961E with a radiative transfer model and found that the feature could largely be accounted for by the use of bare laboratory silicate grains only. The minimum between the 9.8-and 20-µm silicate features, together with the fact that the 9.8-µm feature is in self-absorption, largely reproduces the 13.6-µm absorption feature, with amorphous water-ice perhaps being a minor contributor. They also found that astronomical silicates, either bare or water-ice mantled, would not reproduce the feature. Robinson & Maldoni (2010) summarized possible reasons for the lack of conclusive identification of the librational band. Aside from the contamination of the band due to other grain species leading to a change in its shape or position, the two most important possibilities would appear to be (i) some mechanism suppressing the formation of the band due to different conditions in astrophysical environments compared to the laboratory and (ii) so-called radiative transfer effects. In the latter case, it is assumed that in the passage of radiation through the dust, the absorption, re-emission and scattering of the radiation by all the overlying layers may alter the shape of the band.
Using radiative transfer models, Robinson & Maldoni (2010) and Robinson et al. (2012) investigated whether radiative transfer effects can in fact mask the librational band. Both of these studies were limited to cases where some warm dust grains (with T max 50 K), which radiate appreciably in the 10-µm region, did exist. In fact typical maximum dust temperatures used were in the range ∼600−1000 K. Under these conditions, it was concluded that radiative transfer effects will mask the librational band and, in particular, the presence of any warm silicate grains, either bare or mantled, will lead to the characteristic signature of the librational band being irretrievably lost. Specifically, it is the presence of the 9.8-µm silicate band which causes confusion. Robinson & Maldoni (2010) did, however, run one model for bare silicate grains only, with T max = 155 K, corresponding to a Planckian maximum of about 19.4 µm, and this gave a hint that low-temperature dust may possibly provide further insights into the librational band (see model number 3 of their fig. 8 ).
It is important to note that some of the water-ice mantled grains used by Robinson & Maldoni (2010) had quite thick mantles (a core = 0.20 µm and a total = 0.50 µm), corresponding to a volume ratio of water-ice to silicate of V ice /V sil ∼ 14.6, significantly greater than that usually thought to occur in circumstellar and interstellar grains. Assuming a silicate density of 3.3 g cm −3 , as is appropriate to forsterite, this corresponds to a mass ratio of m ice /m sil ∼ 4.4. This large water-ice to silicate abundance ratio was deliberately chosen so as to give the librational band every reasonable chance of appearing as a separate feature.
In this paper, we investigate the situation where there are no dust grains present which would give rise to significant emission in the 10-µm region (i.e. T max 50 K, corresponding to a Planckian maximum of 60 µm). Under these conditions only absorption (and scattering) of radiation in the 10-µm region should occur, radiative transfer effects should be removed, and the librational band should then appear as a distinct absorption feature against the stellar continuum.
The structure of this paper is as follows. In Section 2, we discuss the opacity data and properties of the grains used, and in Section 3 we discuss the models employed, a simple isothermal model (Section 3.1) and a radiative transfer model (Section 3.2). In Section 4, we present the model results, subdivided into the isothermal model results (Section 4.1) and the radiative transfer model results (Section 4.2). In Section 5, we suggest some possibilities for the observational confirmation or otherwise of the results obtained in this paper and in Section 6, we present some comparisons of model results with existing observations. Finally, in Section 7, we summarize the results and the principal conclusions of this work.
T H E O PAC I T Y DATA A N D G R A I N P RO P E RT I E S
In this paper, we have employed silicate grains coated with either crystalline or amorphous water-ice mantles. Two sorts of silicates were used, hereafter referred to as laboratory silicates and astronomical silicates. The optical constants (the real and imaginary parts of the complex refractive index) were obtained from the literature as follows. The laboratory silicate data were for amorphous olivine (MgFeSiO 4 ) as obtained by Dorschner et al. (1995) and available from the DUSTY (Ivezić & Elitzur 1995 , 1997 ) optical constants library. The astronomical silicate optical constants were obtained from Draine (2003) .
1 For crystalline and amorphous water-ice, we have used the optical constants obtained from Bertie, Labbé & Whalley (1969) and Hudgins et al. (1993) , respectively. Using Mie theory the various efficiencies (Q abs , Q sca and Q ext ) and the asymmetry parameter for anisotropic scattering, g, were then calculated for spherical bare silicate grains of radius a core = 0.20 µm and for these same grains coated with a water-ice mantle with a total radius of a total = 0.50 µm (see e.g. Bohren & Huffman 1983; Barber & Hill 1990) . These grains are the same as some of those used by Robinson & Maldoni (2010) and were chosen specifically, here as there, to see whether the librational band can appear under extreme water-ice to silicate abundances. However, in Section 4.2.5 we will also investigate the effect on the librational band of employing a grain size distribution and a smaller water-ice abundance.
The extinction efficiencies, Q ext , for the bare and water-ice mantled laboratory silicate grains are shown in Fig. 1 whilst those for the bare and water-ice mantled astronomical silicate grains are shown in Fig. 2 . It may be seen that for the bare grains the twin 10 and 20-µm peaks occur at approximately 9.8 and 17.0 µm for the laboratory silicates and at about 9.5 and 18.4 µm for the astronomical silicates. The local minimum between the peaks occurs at about 13.0 and 14.2 µm, respectively, and this minimum is significantly more pronounced for the laboratory silicates.
If a water-ice mantle of the thickness used here is added, virtually all information regarding the silicate peaks is lost. In other words, for a thick enough water-ice mantle, the extinction efficiency curves are not affected significantly by the exact nature of the silicate core material. The single librational water-ice maximum occurs at a wavelength of about 11.4 µm for the crystalline water-ice and at about 12.4 µm for the amorphous water-ice, both well removed from the 9.8-µm silicate peak. Bearing these factors in mind, it is difficult to understand why the librational water-ice band has not been positively identified observationally, and why it has proven to be so difficult to reproduce in models. As noted by Robinson et al. (2012) , and as may clearly be seen from Fig. 1 , another important fact is that the local minimum between the silicate peaks for the laboratory data occurs at close to the same wavelength as the librational band, thus potentially leading to confusion in the identification of this band.
1 Available at http://www.astro.princeton.edu/∼draine/. Figure 1 . The extinction efficiency, Q ext , plotted in the wavelength range 8 to 20 µm, for the bare laboratory silicates and also for the silicate/crystalline and silicate/amorphous water-ice core-mantle grains. Note that the librational peak occurs at about 11.4 µm for the crystalline water-ice grains compared to about 12.4 µm for the amorphous water-ice mantled grains. Note also that for the bare silicate grains there is a minimum at about 13 µm and this corresponds approximately to the maximum of the amorphous water-ice librational feature for the core-mantle grains. As noted by Robinson et al. (2012) , this correspondence could potentially cause confusion in interpreting both observational data and modelling results. Fig. 1 , but for the grain core being astronomical silicate rather than laboratory silicate. Note that the silicate minimum between the 10 and 20-µm peaks is shifted to a wavelength of about 14 µm, much longer than the 13-µm minimum for the laboratory silicates of Fig. 1 , and is now well removed from the water-ice librational peaks. However, it may be seen that the curves for the water-ice mantled grains are very similar to the respective curves in Fig. 1 . That is, for the amount of water-ice used in these grains the extinction properties of the core material are essentially lost.
M O D E L S E M P L OY E D

Isothermal models
In order to cast some light on the thrust of this paper, we have initially employed a simple isothermal model. This model assumes a central exciting source surrounded by multiple spherical isothermal shells, and in which scattering and such things as backwarming are neglected (Robinson & Hyland 1977; Mitchell & Robinson 1981; Towers & Robinson 2009 ). Although the shells are assumed to be spherical, the model uses as its basis the equation of radiative transfer in the plane-parallel case and is therefore subject to the limitations of plane-parallel assumptions. In particular, one would expect that the model would not be realistic for extended shells, because of the breaking down of both the isothermal and the plane-parallel assumptions. This model was used by Towers & Robinson (2009) to represent the spectrum of the post-AGB star IRAS 22036+5306 and also as a check on our radiative transfer models for the massive protostar AFGL 961 (Robinson et al. 2012) . Because of its simplicity and ease of use, this model has proven to be very useful in the past for estimating initial parameters for more sophisticated models and, as noted above, as a check on the consistency of the results from the latter models. In this paper, it will be used primarily to provide insight into the physical problems associated with observing and modelling the librational band.
Radiative transfer models
For detailed modelling, we have employed the extensively tested 'quasi-diffusion' radiative transfer model originally from Leung (Leung 1975 (Leung , 1976 Egan, Leung & Spagna 1988) as implemented by Mitchell & Robinson (1978 , 1980 , the most recent developments in our implementation being discussed by Robinson & Maldoni (2010) and Robinson et al. (2012) . The model computes the output spectral energy distribution from a central exciting source surrounded by a spherically symmetric distribution of dust without significant approximation. Different dust species, with arbitrary opacity laws may be mixed in an arbitrary way, with each individual dust species taking up their own temperature distribution. Generally a power law, ρ = ρ 0 r n , is employed for the overall dust density distribution. Linearly anisotropic scattering by the dust grains is included and both the flux and the ray or angular distribution of radiation may be obtained. This model was used most recently in an attempt to represent the spectrum, and specifically the water-ice librational band, of AFGL 961 (Robinson et al. 2012 ).
M O D E L R E S U LT S A N D D I S C U S S I O N
Simple considerations: isothermal models
In order to introduce the problem, we consider a simple planeparallel isothermal slab of material of extinction optical depth, τ λ , on which the normally incident specific intensity is I λ (τ λ ) and in which the source function, S λ , is constant, as shown in Fig. 3 . The normally emerging specific intensity, I λ (0), is then given by (see e.g. Mihalas 1970 )
In this equation, the first term on the right-hand side represents the incident radiation as attenuated by the layer and the second term represents the emission from the layer itself. If the layer is in local thermodynamic equilibrium the source function, S λ , is equal to the Planck function, B λ (T), where T is the temperature of the layer. The isothermal model in Section 3.1 is directly based on equation (1). If the layer is not isothermal, then the source function, S λ , will not be constant through the layer and, in order to allow for emission at each point in the layer and then absorption by all the overlying points in the layer, the second term of equation (1) will be more complicated. However, the first term will not be altered. In other words, so-called radiative transfer effects will only influence the second term, and the first term will not be affected. Clearly, if the geometry is not plane-parallel and one is concerned with the flux output rather than the specific intensity, the situation is more complicated again. Nevertheless, even in this case the term corresponding to attenuated incoming radiation will not be affected by radiative transfer effects. Thus, at wavelengths where the first term of equation (1) dominates, radiative transfer effects should be negligible and, if such effects are solely responsible for the masking of the water-ice librational band, then the band should appear as a distinct feature. If this first term is to dominate in the 10-µm region, the region of interest for the water-ice librational band, then either (i) the circumstellar shell must be very cool with a maximum temperature of 50 K or (ii) the absorption must be interstellar in nature only.
Although equation (1) should be directly applicable to interstellar absorption, in the case of circumstellar shells one normally observes the flux output rather than the specific intensity. We have therefore used the isothermal model in Section 3.1 with a single shell to illustrate the points above. However, any general conclusions drawn should be relevant to both situations. Figs 4 and 5 show model spectra for bare laboratory silicates and laboratory silicates coated with both crystalline water-ice and amorphous water-ice mantles. We have chosen to use laboratory silicates because, as shown in Figs 1 and 2, these data are likely to cause the most confusion between the water-ice librational band and the local minimum between the 10-and 20-µm silicate features, and may thus enable the two effects to be disentangled. The models are for T * = 3000 K, T shell = 20 K and τ 11.00 µm = 0.40. The shell temperature of 20 K corresponds to a Planckian maximum of about λ max = 150 µm, far removed from the librational band at 12 µm, and ensures that the term in the isothermal model equivalent to the second term in equation (1) is negligible in the region of the librational band. The optical depth of τ 11.00 µm = 0.40 was chosen so that the depth of the 3.1-µm waterice absorption feature of the mantled grain models is about two orders of magnitude, comparable with that of the deepest known 3.1-µm feature in any object, that for W33A (Gibb et al. 2000) , an embedded massive protostar. The reference wavelength for the optical depth was somewhat arbitrarily chosen to be 11.00 µm. At this wavelength Q ext for the bare silicate grains and the amorphous water-ice mantled grains are approximately equal (see Fig. 1 ), thus ensuring that the 9.83-µm silicate feature and the 12.4-µm amorphous water-ice librational feature are approximately at the same depth below the stellar continuum. The choice of the normalization wavelength of 11.00 µm was purely for illustrative purposes. An alternative procedure might be to fix the optical depth at an appropriate value at the wavelength of peak extinction of the three grain . Preliminary isothermal model results using bare laboratory silicates and laboratory silicates coated with crystalline water-ice and amorphous water-ice mantles. The silicate cores of the grains are of radius a core = 0.20 µm while for the mantled grains the total radius is a total = 0.50 µm. The models are for T * = 3000 K, T shell = 20 K and τ 11.00 µm = 0.40. The corresponding optical depths at the peak of the respective features in the 10-µm region are bare laboratory silicates, τ 9.83 µm = 0.71; amorphous water-ice mantled grains, τ 12.4 µm = 0.75; and crystalline water-ice mantled grains, τ 11.4 µm = 0.42. The shallowness of the crystalline water-ice librational band is purely a result of the choice of the standardization wavelength of 11.00 µm and the resulting relatively small optical depth at the centre of this feature. species, respectively (9.83 µm for bare laboratory silicate grains, 11.4 µm for crystalline water-ice mantled grains and 12.4 µm for amorphous water-ice mantled grains).
From Fig. 5 the following points may be noted (i) for the bare silicate grains the 9.83-µm silicate feature is distinctly visible in absorption against the stellar continuum, and is not visible at all for the mantled grains, (ii) for the bare silicate grains the local minimum in extinction efficiency, Q ext , between the 10 and 20 µm silicate features (see Fig. 1 ) produces a minimum of absorption against the stellar continuum, centred at about 12.4 µm, i.e. a local maximum of the spectral energy distribution and (iii) the librational band is clearly visible in absorption against the stellar continuum, centred on about 11.4 and 12.4 µm for the crystalline and amorphous water-ice mantled grains, respectively. Thus, for this model configuration, where dust shell emission is not significant, the two factors of a silicate minimum and a water-ice maximum in extinction efficiency occurring at about the same wavelength (∼12.4 µm) have the opposite effect, as is expected, thus providing a possible means of disentangling the two effects. On the other hand, where emission and self-absorption by the dust shell itself dominates, they have the same effect of generating an apparent absorption feature. This is what led Robinson et al. (2012) to suggest that the 13-µm feature in AFGL 961 may in fact simply be due to the local minimum between the 10-and 20-µm silicate peaks, rather than due to the librational band of water-ice (see e.g. their fig. 11 ).
Radiative transfer model results
Comparison with isothermal model results
In Figs 6 and 7 radiative transfer model results are shown for similar parameters to the isothermal models of Figs 4 and 5, the actual model parameter values being listed in Table 1 . It may be seen from Table 1 that the shell temperatures, which are not critical for the purposes of this study, range from ∼10 K on the outer boundary of the dust shell to ∼25-40 K on the inner boundary, not far removed from the isothermal dust shell temperature of 20 K. For the radiative transfer models, following normal procedure, the inner and outer shell radii, Figure 6 . Radiative transfer model results using bare laboratory silicates and laboratory silicates coated with either a crystalline water-ice or amorphous water-ice mantle. The silicate cores of the grains are of radius a core = 0.20 µm while for the mantled grains the total radius is a total = 0.50 µm. The models are for T * = 3000 K, T shell ranging from ∼10 K on the outer boundary of the dust shell to ∼25-40 K on the inner boundary and τ 11.00 µm = 0.40 (see Table 1 ).
Figure 7.
As for Fig. 6 , but for the wavelength range 7 to 20 µm. Table 1 . Parameters for the models in Figs 6 and 7 using bare laboratory silicate grains and laboratory silicate grain cores coated with either a crystalline or amorphous water-ice mantle. For all three models T * = 3000 K, R min /R * = 3 × 10 4 , R max /R * = 8 × 10 5 , τ 11.00 µm = 0.40 and a power-law density distribution for the dust shell characterized by n = −2.
Shell material
Bare silicate core 10.0 38.9 Crystalline water-ice mantle 8.7 24.4 Amorphous water-ice mantle 10.5 25.6
R min /R * and R max /R * , were set to the values shown in Table 1 , and the dust shell temperature distributions varied until flux constancy was achieved. A comparison of the above two sets of figures reveals that the two extreme types of models produce very similar results, except that both the silicate bands and water-ice librational band are somewhat shallower in the case of the radiative transfer models. In fact an examination of Fig. 7 reveals that, for the radiative transfer model, the centre of the amorphous water-ice feature at 12.4 µm lies at about 0.47 of the stellar continuum, in close agreement with an attenuation factor of e −τ λ , given that τ 12.4 µm = 0.75 at the centre of the feature [see equation (1) and Fig. 4 ]. The reason for this agreement is as follows. The flux output from the radiative transfer model represents the summation of all 'rays' along the line of sight to the observer, some of which intersect the central star, some intersect the void region between the star and the inner boundary of the dust shell, and some intersect the dust shell only [see fig.  4 of Robinson & Maldoni (2010) for a diagram showing these rays]. However, if the dust shell is so cool that no emission from it occurs in the 10-µm region, then only rays which intersect the star itself will provide a significant contribution to the flux in the 10-µm region. Given the relative size of the star and dust shell, all such rays pass through essentially the same optical depth of dust (the 'radial' optical depth), and so the flux output should be in close agreement with the first term of equation (1) with I λ (τ λ ) replaced by the Planck function for the star, B λ (T * ). What this means in practice is that the results from the radiative transfer model should, in this case, be directly applicable to absorption by an interstellar cloud as well as circumstellar absorption, notwithstanding the fact that the heating mechanism for such an interstellar obscuring cloud may not be a central exciting source.
The fact that the isothermal model predicts somewhat deeper absorption features than does the radiative transfer model is an indication of the limitations of the isothermal model in attempting to take account of the spherical geometry. Specifically, the way this model is set up, the void region between the star and the dust shell is essentially assumed to be filled with diluted stellar radiation. This leads to a contribution to the flux from rays out to the inner boundary of the dust shell, and these rays pass through a larger optical depth of dust than do central rays, leading to a larger effective optical depth than the radial optical depth. The approximate agreement of the two models does, however, provide further support for the ideas put forward in Section 4.1 on the basis of simple considerations. That is, if one can eliminate thermal emission from the shell at ∼10 µm, then the librational band might be unambiguously revealed as an absorption feature against the stellar continuum. Fig. 6 , but using astronomical silicates rather than laboratory silicates as the grain core material. 
Effect of variation of silicate core material
Figs 8 and 9 are identical to Figs 6 and 7, respectively, except that astronomical silicates rather than laboratory silicates were used for the grain core material. It may be seen that the two sets of figures are quite similar and that the nature of the silicate core material, while having a noticeable effect on the shape of the output spectrum for the bare grains, has very little effect on the spectra of either of the water-ice mantled grains. In other words, for this mantle thickness all information on the exact nature of the silicate core material is lost. This conclusion, which an examination of Figs 1 and 2 reveals is to be expected, only applies if emission and self-absorption in the shell is insignificant and that absorption against the stellar continuum is the dominant process. Once significant emission in the 10-µm region occurs, the nature of the silicate core material has a very significant effect on the spectrum (see e.g. Robinson et al. 2012, figs 11 and 16) . In view of the above, laboratory silicates will primarily be employed for the remainder of this study. Fig. 10 shows radiative transfer model plots for bare laboratory silicate grains and amorphous water-ice mantled grains uniformly mixed in the proportions shown. These models are for identical parameters to those used in Figs 6 and 7 (see Table 1 ) except for the mixture of grains being employed. It may be seen that there is a Figure 10 . Radiative transfer models for bare laboratory silicate grains and amorphous water-ice mantled grains mixed uniformly in the proportions indicated. Note the gradual but expected transition from pure silicate absorption to pure water-ice librational band absorption as the proportion of water-ice mantled grains increases. The model parameters are identical to those used in Figs 6 and 7 (see Table 1 ).
Models for uniformly mixed bare and mantled grains
gradual transition from the 9.83-µm silicate feature being dominant to the water-ice librational band being dominant as the proportion of water-ice mantled grains increases, as would be expected from an examination of the extinction efficiency curves of Fig. 1 . It may also be noted that, for these models and the parameters used here at least, there needs to be 80 per cent of water-ice mantled grains present before the librational band becomes clearly visible. That is, if there is more than about 20 per cent of bare silicate grains present, the librational feature is lost. Conversely, there needs to be 80 per cent bare silicate grains present before the 9.83-µm silicate feature stands out as a distinct feature. Between these two limits the two features blend into one.
It is very informative to further investigate how the water-ice to silicate ratio, V ice /V sil , influences the appearance or otherwise of the librational band, by choosing the optical depth of the dust shell in such a way as to give a fixed strength of the 3.1-µm water-ice absorption feature. In Fig. 10 , the optical depth for all models was set at τ 11.00 µm = 0.40 (see Table 1 ). Fig. 11 shows identical model curves to those in Fig. 10 except that the optical depth at 11.00 µm has been increased, incrementally, from 0.4 for the 100 per cent water-ice mantled grain model up to 2.0 for the 20 per cent waterice mantled model, as shown in Table 2 . This gives rise to a 3.1-µm water-ice feature with a constant depth below the stellar continuum of a factor of about 25, corresponding to τ 3.1 µm ≈ 3.2. Although not included here, the model results reveal that the 3.1-µm feature has essentially the same shape for all models of Fig. 11 . Thus, for these models the total amount of water-ice in the line of sight is approximately constant. However, V ice /V sil is not constant and, as shown in Table 2 , varies from about 14.6 for the 100 per cent water-ice model down to about 2.9 for the 20 per cent water-ice model.
An examination of Fig. 11 reveals that similar depths and shapes of the 3.1-µm feature produce drastically different spectral signatures in the 10-µm region. For large water-ice to silicate ratios the librational band is clearly visible, while for small water-ice to silicate ratios it is completely lost in the 10-µm silicate feature. It must be remembered that the models used here are for cool dust shells and for a fixed size of core-mantle grain, and so one must be wary about drawing too general conclusions. However, at least for these models, V ice /V sil appears to be as important as the total Figure 11 . Identical model results to those shown in Fig. 10 with the following change. In Fig. 10 all model curves had the same optical depth, τ 11.00 µm = 0.40. Here the optical depth of the dust shell has been varied so that the depth of the 3.1-µm water-ice absorption feature (not shown) is constant, lying about a factor of 25 below the continuum (except, of course, for the bare silicate grain model). The optical depths at 11.00 µm and the water-ice to silicate abundance for the various model curves are shown in Table 2 . It may clearly be seen that having a large (fixed) depth of the 3.1-µm feature is not enough to guarantee the appearance of librational band, and that the value of V ice /V sil drastically affects its visibility. Table 2 . The optical depth of the dust shell at 11.00 µm and the ratio of the volume of water-ice to silicate for the models shown in Fig. 11 Fig. 10 , τ 11.00 µm for the 100 per cent bare silicate model is maintained at 0.4, the same value as was used for the 100 per cent water-ice mantled model. amount of water-ice present in influencing the observability of the librational band. This result is consistent with the strong unblended 13-µm absorption feature, undoubtedly due to the librational band of water-ice, in the spectrum of the low-mass YSO B1-b obtained by Boogert et al. (2008) , and their noting of the 'peculiar absence of silicates toward' this object. It would seem that this object is certainly worthy of further detailed study with the aim of determining the exact nature of the grain core material.
Effect of increasing the shell temperature
In this section, we investigate the effect of increasing the shell temperature for dust shells composed entirely of water-ice mantled grains, that is no bare silicate grains exist at all. Fig. 12 shows models for amorphous water-ice mantled grains with a laboratory silicate core with all parameters maintained at the same values as Figs 6 and 7) , 61, 76, 95, 119 and 140 K, the corresponding values of R min /R * being, respectively, 3 × 10 4 , 2 × 10 3 , 1.2 × 10 3 , 7 × 10 2 , 4 × 10 2 and 6 × 10 2 . Note that the curve for T max = 140 K is for bare laboratory silicates only and has been included to show the local minimum between the 10-and 20-µm silicate peaks which can be confused with the librational band.
[At a given radial distance bare silicate grains attain a significantly higher equilibrium temperature than do water-ice mantled grains (see Table 1 ), hence the apparently anomalously large value of R min /R * for these grains.]
for Figs 6 and 7 (see Table 1 ) with the exception of the inner shell radius. The inner shell radius, R min /R * , was reduced in order to increase the maximum temperature of the dust shell, T max , up to ∼120 K, comparable with the transition temperature from amorphous to crystalline water-ice (Smith et al. 1994 ). It may be seen from Fig. 12 that, as T max increases from 26 K, the long wavelength wing of the librational band increases as the Planck function for the shell moves towards shorter wavelengths. For T max = 95 K, the librational band is completely masked by the local minimum between the short wavelength maximum due to the stellar continuum and the long wavelength maximum due to the Planck function for the shell. In other words, even when there are no bare silicate grains present at all, once there is significant emission from the dust shell in the 10-µm region the librational band cannot be unambiguously identified. In terms of the simple isothermal model in Section 4.1, this corresponds to the second term on the right-hand side of equation (1) not being negligible in the 10-µm region and hence radiative transfer effects will significantly affect the spectrum in this wavelength region.
In Fig. 12 , we have also included a model result for bare laboratory silicates only, with a maximum temperature of T max = 140 K (Planckian maximum at ∼21.5 µm), a temperature nearing the sublimation temperature of water-ice (Smith et al. 1994) . Note that for this model, the 9.83-µm silicate maximum has been shifted significantly, to a wavelength of about 11.2 µm, as a result of the rising low-temperature dust continuum. This model has been included to illustrate how, if there is significant dust emission in the 10-µm region and no water-ice is actually present, the local minimum between the 10-and 20-µm silicate features may be confused with the water-ice librational band. Fig. 13 shows similar plots to Fig. 12 but using astronomical silicates rather than laboratory silicates as the grain core material. For Fig. 13 , the shell radii were left the same as for Fig. 12 and this results in a small reduction of the maximum shell temperature Figure 13 . As for Fig. 12 but for a grain core material of astronomical silicates rather than laboratory silicates. The values of the inner boundary shell radii, R min /R * , were left the same as for Fig. 12 , i.e. 3 × 10 4 , 2 × 10 3 , 1.2 × 10 3 , 7 × 10 2 , 4 × 10 2 and 6 × 10 2 , respectively, resulting in the slightly lower maximum (inner boundary) shell temperatures, T max , of 24, 56, 69, 87, 110 and 122 K, respectively. As with Fig. 12 the highest temperature curve, T max = 122 K, is for bare silicate grains, in this case astronomical silicates.
of between 2 and 18 K. However, except for the bare silicate grain model, the curves are very similar to those in Fig. 12 , any slight differences being explained by the small temperature differences. Thus, the specific silicate used as the core material has little effect on the resulting model spectrum, and hence the general conclusions remain unchanged. Specifically, as the maximum shell temperature is increased to the point where significant shell emission occurs in the 10-µm region, information on the librational band is lost. Note, however, that the bare astronomical silicate model does not show the local minimum between the 10-and 20-µm silicate features to anywhere near the same extent as do the laboratory silicates, and hence there should be less confusion with the librational band if astronomical silicates are present.
Effect of using a grain size distribution and reducing the water-ice to silicate abundance
So far, we have employed grains of fixed core and mantle sizes, a core = 0.20 µm and a total = 0.50 µm, corresponding to a volume ratio V ice /V sil ∼ 14.6 (see Table 2 ), a value somewhat larger than that normally thought to occur in circumstellar and interstellar dust. Here we consider a grain size distribution and further investigate the effect of reducing V ice /V sil , supplementing the results in Section 4.2.3 and Figs 10 and 11.
The depth of the 3.1-µm water-ice band is determined primarily by the total amount of water-ice present in the line of sight, which is related to the thickness of the water-ice mantles and ultimately determined by the optical depth of the dust at 3.1 µm. On the other hand, the librational band, lying so close to the 10-µm silicate band is, as previously noted, also influenced by the water-ice to silicate abundance. Section 4.2.3 indicated that this abundance ratio is critical in determining the presence or otherwise of the librational band and, bearing in mind the simple nature of equation (1), one would suspect that it is in fact more critical than the exact details of any dust grain size distribution. Nevertheless we will investigate both here. Smith, Sellgren & Tokunaga (1988) carried out a very detailed investigation of the 3.1-µm water-ice feature in the late-type star OH 231.8+4.2 by employing different grain size distributions. In particular, they employed two different types of distribution, an Oort-van de Hulst distribution (Oort & van de Hulst 1946; Greenberg 1968; Hagen et al. 1981) and an MRN distribution, n(a) ∝ a −3.5 , (Mathis, Rumpl & Nordsieck 1977) . Smith, Sellgren & Tokunaga (1989) carried out a similar investigation on a number of protostars. They noted that the models become significantly more complicated if a grain size distribution is used for both the cores and mantles of the grains. Smith et al. (1988) found that the shape of the 3.1-µm water-ice feature is not particularly sensitive to the type of grain size distribution, nor to the grain core size. Consequently, they restricted their models, in the main, to a fixed silicate grain core radius of a core = 0.1 µm and allowed the grain mantle to follow a distribution, specifically varying the total grain radius, a total . In the case of OH 231.8+4.2 and an MRN distribution, their best-fitting model had a total = 0.7 ± 0.1 µm, with similar values for the protostars (Smith et al. 1989 ). For such a grain structure V ice /V sil ∼ 7.3 ± 1.0, which compares with the value of 14.6 used so far for the majority of this study and 11.7 for the 80 per cent water-ice model in Section 4.2.3 (see Figs 10, 11 and Table 2 ).
Large maximum grain sizes and large, though variable, values of V ice /V sil have been reported elsewhere in the literature. For example, Léger et al. (1983) found a maximum grain size for the BecklinNeugebauer object of a total = 1.2 µm. Greenberg (1973) and Merrill, Russell & Soifer (1976) found V ice /V sil in dense clouds to be in the range 0.04 to 1 and Knacke & McCorkle (1987) found a value of 0.37 in the vicinity of the Becklin-Neugebauer-KleinmannLow complex. On the other hand, in contrast with these relatively low values, Lee & Draine (1985) found that V ice /V sil towards the Becklin-Neugebauer object may be as high as 5.
In order to explore the effect of using a grain size distribution and also of reducing V ice /V sil , following Smith et al. (1988 Smith et al. ( , 1989 a fixed core radius of a core and an MRN mantle distribution with a total radius of a total has been employed. Laboratory silicate was used for the core material and amorphous water-ice for the mantle, the latter having a size distribution given by
where a core = 0.10 µm and a total = 0.70 µm. Thus, the same optical constants were used for the grain size distribution as were employed to produce the Q ext amorphous water-ice mantled curves of Fig. 1 . To incorporate the grain size distribution in radiative transfer models, Q abs , Q sca , Q ext and the asymmetry parameter for anisotropic scattering, g, were found from Mie theory for 12 discrete values of a at 0.05 µm intervals, namely a = 0.15, 0.20, 0.25, . . . , 0.70 µm. These grains were assumed to be uniformly mixed throughout the dust shell and given the appropriate weights using equation (2). Then, rather than obtaining weighted mean values of Q abs , Q sca , Q ext and g, the grains were treated as separate grain species within the radiative transfer program. Thus, each species takes up its own temperature distribution with, in general, the smallest grains being hottest. (The often used practice of obtaining a weighted average value for the grain characteristics results in a 'mean' grain temperature with little physical meaning and can, under certain circumstances, lead to unrealistically high actual grain temperatures for the smallest grains and consequent misleading estimates for the resultant spectrum.)
Radiative transfer model results are shown in Figs 14 and 15 for the dust grain distribution discussed above for a laboratory silicate core and an amorphous water-ice mantle. The model parameters employed were the same as those used in Figs 6, 7 and 10 (see Figure 14 . Comparison of the radiative transfer model results for a distribution of dust grain sizes with the relevant fixed core and mantle size model from Fig. 6 , for which a core = 0.2 µm and a total = 0.5 µm. For the distribution model, the grain core was fixed in size at a core = 0.1 µm and an MRN distribution of mantle sizes was used with a total = 0.7 µm (see the text). The results are for a laboratory silicate core and an amorphous water-ice mantle and, as for Fig. 6 , the optical depth was fixed at τ 11.00 µm = 0.40. The librational band at about 13 µm is weaker in the grain size distribution model, but remains clearly visible. Table 1 ). For comparison, equivalent models for a fixed core and mantle size (a core = 0.2 µm, a total = 0.5 µm) from Figs 6 and 7 are also shown. It may be seen that the librational band occurring at about 13 µm is reduced somewhat in strength in the grain size distribution model, but is still clearly visible. Also, the 3.1-µm water-ice band is reduced in strength in the grain distribution model, even though all three models shown have the same optical depth of τ 11.00 µm = 0.40. The reason for this is that, in the grain size distribution model, because of the reduced amount of water-ice, V ice /V sil ∼ 7.3, compared with ∼14.6 for the fixed core/mantle model, a smaller contribution to the optical depth is made by the water-ice in the former case. The value of V ice /V sil clearly plays a pivotal role in determining the presence as a separate feature of the librational band and, although increasing the optical depth will increase the depth of the 3.1-µm band, it may not necessarily enhance the visibility of the librational band.
Thus, for the grain distribution chosen, the librational band still stands out as a separate absorption feature, albeit slightly weakened compared to the fixed core/mantle model, primarily because of the smaller value of V ice /V sil in the former model.
It may be noted from Fig. 14 that the bare silicate model has a very different slope in the near-infrared and also a much deeper silicate band compared to the water-ice mantled grain model. Nearinfrared colours together with far-infrared data are often available for candidate objects and, if detailed modelling of individual sources were to be carried out, clearly such data would constrain the models and thus the fits to the region of the silicate and water-ice librational bands.
O B S E RVAT I O NA L C O N F I R M AT I O N P O S S I B I L I T I E S
On the basis of the above model results, one can list the following search criteria for objects which might show the water-ice librational band seen as an absorption feature against the stellar continuum, and thus might confirm or otherwise the ideas put forward in this paper.
(i) The object should have a 3.1-µm water-ice band which is as deep as possible, preferably two orders of magnitude.
(ii) There should be as few bare silicate grains as possible anywhere in the line of sight, ideally no bare silicate grains at all, and there should be as large a water-ice to silicate abundance as possible.
(iii) The object should have a circumstellar dust shell with no significant emission at ∼10 µm (i.e. the hottest grains in the dust shell should be at 50 K, for which the Planckian maximum occurs at 60 µm), or no circumstellar dust shell at all, with the extinction being entirely interstellar in nature.
With regard to the last point above, if the circumstellar dust shell has a maximum temperature of 50 K, then it will be so far from the star that, for reasonable amounts of dust in the shell, its optical depth may be too small to render it detectable. In order to illustrate this point, we have crudely estimated how the optical depth might vary with shell radius for the five lowest temperature models of Fig. 12 using the following procedure. The optical depth was set to τ 12.4 µm = 0.75, the value used for the amorphous water-ice models in this study, for the shell of smallest radius, R min /R * = 4.0 × 10 2 , and maximum inner boundary temperature, T max = 119 K. It was then assumed that the dust shell moves outward with constant velocity, with no more dust being added. Hence, the density distribution and the optical depth should follow the power law, ρ = ρ 0 r −2 . The results are shown in Table 3 , and it may be seen that for T max = 26 K Table 3 . Optical depth at 12.4 µm, the centre of the amorphous water-ice librational band, as a function of the dust shell minimum radius, R min /R * , based on the five lowest temperature models of Fig. 12 the optical depth τ 12.4 µm = 1.3 × 10 −4 , too small to give rise to readily observable absorption effects. To achieve an optical depth of 0.75 in the case of the coolest shell in Fig. 12 (T max = 26 K) would require almost 6000 times the mass of dust as in the case of the warmest shell (T max = 119 K), and most circumstellar dust shells have a maximum temperature of much greater than 119 K.
Thus, in practice, absorption by an interstellar cloud may be the better of the two options mentioned above for the librational band of water-ice to reveal itself. This means that the best place to look for the librational feature may not be either protostars or evolved objects with dust shells, because of the likely presence of warm dust in these objects and the consequent masking of the feature by 'radiative transfer effects'. Even if there are appreciable amounts of cool grains in the outer regions of the dust shell in such objects, any emission by warm grains tends to hide the librational band. Thus, good candidates might be background stars, without circumstellar dust shells, which lie behind dense interstellar clouds that are known to contain large amounts of water-ice, as evidenced by the 3.1-µm water-ice feature being present in the spectra of background objects that are located in approximately the same line of sight.
If the above three conditions are fulfilled, the librational band should appear as an absorption feature against the stellar continuum. If it does not, then it may not be 'radiative transfer effects' that mask it, and some other mechanism could be in play. The radiative transfer models in Section 4.2 indicate that, for τ 12.4 µm = 0.75, T max (dust) ∼ 25 K and the dust composed entirely of water-ice grains (amorphous or crystalline), the 3.1-µm feature has a depth of ∼ two orders of magnitude and the librational band should be a factor of more than 2 below the stellar continuum, making it readily observable (see e.g. Figs 6, 7 and 10). Boogert et al. (2011) have presented high-quality ground-based and Spitzer spectra and photometry of many heavily obscured stars behind isolated dense cores. Whilst it is not the intent of this paper to attempt detailed comparisons with observational results, we will, however, briefly consider the most promising candidate from their results.
C O M PA R I S O N W I T H O B S E RVAT I O N S
Of the 31 sources presented by Boogert et al. (2011) in their fig.  1 , six show the 3.1-µm water-ice feature with a depth of about an order of magnitude, and the best candidate for potentially revealing the librational band appears to be one of these, 2MASS J17112005−2727131 Barnard 59. This object is listed by Boogert et al. as lying behind a star-forming core, as defined by IRAS studies, and they assigned to the background object a spectral type of M3 III and an effective temperature of 3200 K.
Figs 16 and 17 show the spectrum of 2MASS J17112005− 2727131 Barnard 59 in the 10-µm region, as obtained by Boogert et al. (2011) , compared with radiative transfer model results. The three models shown in Fig. 16 are similar to those in Fig. 15 being, respectively, for bare silicates, fixed size core/mantle grains and for a distribution of grain sizes. In Fig. 15 , as in all previous diagrams, the model plots have been for the (integrated) flux output. It might reasonably be argued that the flux output from the radiative transfer model is not appropriate for a background star with absorption by an intervening dust cloud. Hence, in Fig. 16 the so-called ray output or the 'forward directed specific intensity', I + λ (Leung 1975 Fig. 15 , except that T * = 3200 K rather than 3000 K and the ray output is plotted, as discussed in the text, and have been arbitrarily shifted vertically for best agreement with the observations. Near-infrared extinction has not been included in the models but its inclusion would not affect the shape of the 10-µm spectrum significantly. It may be seen that there is some evidence for the presence of the librational band at about 13 µm. Fig. 10 except that T * = 3200 K rather than 3000 K and the ray output is plotted, as was the case in Fig. 16 . For these very simple models, one with ∼70 per cent bare silicate and ∼30 per cent water-ice mantled grains would best fit the observations. Again there is some evidence for the presence of the librational band at about 13 µm.
the specific intensity for this ray is essentially the same as the flux output. The reason for this is that lines of sight which do not intersect the central star have essentially no emission in the 10-µm region, because of the low temperature of the dust, and so do not contribute significantly to the flux integral.
From Fig. 16 it may be seen that the observational results lie below the model results for the bare silicate grains at ∼13 µm, indicating that there may be extra absorption in this region, possibly due to the librational band of water-ice. This possible absorption is also shown in the original results presented by Boogert et al. compared to their model results (see their fig. 1 ). On the other hand, the waterice mantled models show too little absorption at ∼10 µm and too much absorption at ∼13 µm compared to the observed spectrum of 2MASS J17112005−2727131 Barnard 59. This may indicate that the water-ice to silicate ratio in 2MASS J17112005−2727131 Barnard 59 may be less than that for the grains used in these models (14.6 and 7.3 for the fixed core/mantle model and the grain distribution model, respectively). Fig. 17 shows a comparison of the observations with radiative transfer models having different proportions of bare and water-ice mantled silicate grains. Again the ray output, as in Fig. 16 , has been used. It may be seen that the best agreement occurs for models between the 80 and 60 per cent bare silicate models (i.e. ∼70 per cent bare silicate, ∼30 per cent water-ice mantled grains). For the grains used in Fig. 17 (a core = 0.20 µm, a total = 0.50 µm) this corresponds to V ice /V sil ∼ 4.4. This does not seem to be unreasonably large when compared with the value of ∼7.3 ± 1.0 appropriate to the study of OH 231.8+4.2 and protostars carried out by Smith et al. (1988 Smith et al. ( , 1989 , and a maximum value of 5 found by Lee & Draine (1985) towards the Becklin-Neugebauer object.
The model fluxes in Figs 16 and 17 are in fact ∼20 per cent below the observed spectrum near 8 µm. The silicate and waterice librational band depths may thus both be underestimated. Since these models corresponded to τ 11.00 µm = 0.40, a better estimate of the optical depth might be ∼0.50 to 0.60, although V ice /V sil would remain unchanged. Clearly, detailed modelling would involve consideration of the entire spectrum.
While more detailed modelling than that presented in Figs 16 and 17 is clearly needed, these simple models do provide some supporting evidence for the librational band being present in 2MASS J17112005−2727131 Barnard 59. However, the question remains as to why only one of the six sources of Boogert et al. (2011) with deep 3.1-µm water-ice bands show real evidence of the librational band. Perhaps V ice /V sil is lower in these other sources and the presence of the silicates masks the librational band. Chiar et al. (2007) investigated the relation between the nearinfrared colour excess and the strength of the 9.7-µm silicate band in dense clouds and cores. They found that the strength of the silicate bands in such regions is in fact reduced with respect to the near-infrared extinction as compared to that which occurs in the diffuse interstellar medium. This is attributed to grain coagulation (Ossenkopf & Henning 1994) and the presence of grain species other than silicates, such as carbonaceous-based materials. If the silicate content is reduced and the water-ice is not depleted, one would expect the librational band to be more obvious. Furthermore, if a water-ice mantle were to be present on a carbon-based material, then the librational band should definitely appear as an uncorrupted separate feature (see, e.g. fig. 11 of Ossenkopf & Henning 1994) . Perhaps in 2MASS J17112005−2727131 Barnard 59 some of the water-ice is present as mantles around dust species other than silicates, thereby resulting in an enhancement of the librational band.
S U M M A RY A N D C O N C L U S I O N S
In this paper, we have employed simple isothermal models together with a full radiative transfer treatment to obtain the output spectrum of a star surrounded by a very cool dust shell, or of a star with no dust shell but subject to interstellar extinction. The models have been used to investigate whether the librational band of water-ice might be revealed in such situations. The principal conclusions of this work are as follows.
(i) If one can remove the possibility of 'radiative transfer effects' masking the librational band by ensuring that there is no significant dust emission in the 10-µm region, then the librational band should appear as an absorption feature against the stellar continuum.
(ii) The presence of any bare silicate grains, even if they are cool and do not radiate significantly in the 10-µm region, tends to mask the librational band.
(iii) In addition to the total amount of water-ice present in the line of sight, the water-ice to silicate abundance is clearly an important factor in determining whether the librational band is visible.
(iv) Protostars and evolved stars with dust envelopes may not be the best place to look for the librational band. Rather the best candidates may be either stars with very cool envelopes composed entirely of water-ice mantled grains, or stars without envelopes at all, but subject to interstellar extinction by water-ice mantled grains. In the former case, the dust envelope may be so optically thin that it does not produce significant absorption, and so interstellar extinction may be the better of the above two options for the band's detection.
(v) If objects can be located which have the above properties, and the 3.1-µm water-ice feature is very strong and, in addition, the water-ice to silicate abundance is large but the librational band cannot be detected, this may suggest that it is not 'radiative transfer effects' that are responsible for the suppression of the band, but some other mechanism.
(vi) Preliminary models have been compared with one of the heavily obscured background objects presented by Boogert et al. (2011) , 2MASS J17112005−2727131 Barnard 59, and there is an indication that this object may show some evidence for the presence of the librational band.
The search for and identification of further objects which meet the above criteria, and the subsequent measurement of their spectra in the 10-µm region, offers the possibility of casting new light on the mysteries of the elusive librational band of water-ice.
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